Five cationic platinum(II) complexes of general formula, [Pt(NH 3 ) 2 (β-diketonate)]X are reported, where X is a non-coordinating anion and β-diketonate = acetylacetonate (acac), 1,1,1,-trifluoroacetylacetonate (tfac), benzoylacetonate (bzac), 4,4,4-trifluorobenzoylacetonate (tfbz), or dibenzoylmethide (dbm), corresponding respectively to complexes 1-5. The log P values and the stabilities of 1-5 in aqueous solution were evaluated. The phenyl ring substituents of 3-5 increase the lipophilicity of the resulting complexes, whereas the trifluoromethyl groups of 2 and 4 decrease the stability of the complexes in aqueous solution. The uptake of 1-5 in HeLa cells increase as the lipophilicity of the investigated complex increases. Cancer cell cytotoxicity studies indicate that 1 and 3 are the least active complexes whereas 2, 4, and 5 are comparable to cisplatin.
Introduction
Cisplatin is an effective anticancer drug in clinical use worldwide. 1 The amelioration of toxic side effects associated with the use of this drug was an impetus for the development of the second-generation platinum chemotherapeutic agent, carboplatin (Chart 1). 2, 3 Cisplatin and carboplatin operate by the same mechanism. Labile ligands in the coordination sphere, chloride for cisplatin and 1,1-cyclobutanedicarboxylate (CBDCA) for carboplatin, are displaced by water or other biological nucleophiles, and the activated cisdiammineplatinum(II) moiety binds to purine bases in nuclear DNA. 4 The resulting platinum-DNA adducts, chiefly 1,2-intrastrand cross-links, ultimately kill the cancer cell through transcription inhibition and subsequent downstream effects. 5 Because cisplatin and carboplatin bear the same NH 3 non-leaving group ligands, the resulting DNA adducts are identical, 6 and therefore the drugs exhibit the same spectrum of activity. 7 Carboplatin, however, is significantly less toxic than cisplatin. The typical patient dose for carboplatin is approximately ten times greater than that of cisplatin (400 mg/m 2 versus 40 mg/m 2 ), and the dose-limiting toxic side effect of carboplatin is myelosuppression in contrast to nephrotoxicity for cisplatin. 8 These important clinical differences reveal that the leaving group ligands play an integral role in modulating toxic side effects. Further modification of these units may therefore be of value in the search for new platinum anticancer drug candidates.
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As anticipated, the properties of carboplatin spurred the design of cisplatin analogs having other leaving groups. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The departing ligands of platinum anticancer agents influence not only the aquation rate but also the lipophilicity of the resulting complex. Both parameters, as exemplified by carboplatin, influence overall pharmacokinetic properties. Leaving group modifications have been applied to a class of cytotoxic platinum(II) complexes in which the remaining ligands have trans stereochemistry, an interesting development in view of the fact that the trans isomer of cisplatin is inactive. 23 Exchange of the original halide leaving groups of these trans platinum(II) compounds with carboxylates led to new complexes with improved aqueous solubility, hydrolytic stability, and cellular uptake. [24] [25] [26] [27] [28] Acetylacetonate (acac) and related β-diketonates form a diverse class of ligands with many applications in inorganic chemistry. The primary O,O' bidentate chelating mode of these ligands is analogous to that of the CBDCA ligand of carboplatin, thus warranting consideration of their use as leaving group ligands for novel platinum anticancer drug candidates. Although β-diketonates have been used as supporting ligands for titanium(IV) 29, 30 and organometallic ruthenium(II) anticancer agents, [31] [32] [33] [34] few studies describe their potential utility in platinum-based therapeutic agents. In an early investigation, the complex [Pt(1,2-diaminocyclohexane)(acac)](NO 3 ) was synthesized but it displayed poor antitumor activity in vivo. 35 Based on the structure-activity relationships at the time, 36 the authors attributed this poor activity to the positive charge of the complex. More recently, the complex, [Pt(O,O'-acac)(γ-acac)(dimethylsulfide)], was investigated for its anticancer properties. [37] [38] [39] [40] This nonconventional anticancer platinum complex apparently exerts its biological properties through a mechanism other than DNA binding. Only the γ-coordinated acac ligand behaves as a leaving group.
Here, we report the results of our investigations of platinum anticancer drug candidates in which β-diketonate ligands serve as leaving groups. Five cis-diammineplatinum(II) complexes bearing different β-diketonates were prepared and characterized (Chart 1). The particular ligands were selected to systematically modify the electronic properties and hydrophobicity of the resulting platinum complexes through the use of trifluoromethyl and phenyl groups, respectively. We discovered that both of these properties have a direct effect on the overall cytotoxicity of the resulting complexes in cancer cells.
Results

Synthesis and Characterization
We synthesized the platinum β-diketonate complexes by three different routes using cisplatin as a common starting material (Scheme 1). In all three approaches, cisplatin was first activated by treatment with the appropriate Ag(I) salt to remove the chloride ligands as insoluble AgCl and generate reactive solvated cis-diammineplatinum(II) cations. Subsequent treatment with the appropriate salt of the β-diketonate ligand afforded 1-5 (Scheme 1). The disparate solubilities of the β-diketonate ligands and the final platinum(II) complexes necessitated the use of the three slightly different routes shown in Scheme 1, as will be described in more detail subsequently.
Characterization of the complexes was achieved by NMR and IR spectroscopy, electrospray ionization mass spectrometry (ESI-MS), and elemental analysis. The presence of nitrate as the counterion for 3-5 was verified both by the characteristic N-O stretching band in the IR spectrum near 1383 cm −1 and by an ESI-MS m/z peak corresponding to the nitrate adduct, [2M + NO 3 ] + . In the mass spectra of 1 and 2, only the molecular ion arising from the cationic platinum complex was observed. The IR spectra of 1-5 are consistent with O,O'-coordination of the β-diketonate ligands. Vibrational frequencies between 1560 and 1590 cm −1 correspond to C=O stretches 41 and indicate a decrease in C=O bond order, consistent with π electron delocalization through the six-membered chelate ring. Elemental analyses are in agreement with the anticipated molecular formulas.
The complexes were also studied by multinuclear NMR spectroscopy (Figures S1-S16, Supporting Information, SI). The low solubility of 2 in aqueous and organic solvents precluded acquisition of its 13 C NMR spectrum. For the other complexes, all expected resonances were observed in the 13 C NMR spectra. The trifluoromethyl groups of 2 and 4 appear at −76.43 and −76.17 ppm, respectively, in the 19 F NMR spectra. The 1 H NMR spectra display the expected resonances except for the protons of the coordinated NH 3 ligands, which are not observed, presumably due to rapid exchange with deuterons of the methanol-d 4 NMR solvent. Protons at the gamma position of the β-diketonate ligands resonate between 5.58-6.94 ppm in the five complexes, as summarized in Table 1 . The 195 Pt NMR spectra of the complexes are marked by a single peak that ranges from −1593 to −1454 ppm depending on the β-diketonate ligand (Table 1) .
Single crystals of 3 and 4 were obtained by vapor diffusion of diethyl ether into methanol solutions of the compounds, enabling their structures to be determined by X-ray crystallography. The results are presented in Figure 1 , with relevant bond lengths and angles reported in Table 2 . The structures confirm the expected square planar coordination geometries of the platinum(II) center and the O,O'-coordination mode of the β-diketonate ligands. The nitrate counterions are engaged in hydrogen bonding interactions with the protons of the coordinated NH 3 ligands (not shown).
Lipophilicity
To quantify the lipophilicity of the new platinum complexes, water-octanol partition coefficients (P) were measured using the shake-flask method. The resulting log P values are reported in Table 3 and graphically compared in Figure 2 . The measured log P of cisplatin is consistent with literature values. 42 The most lipophilic complex is 5, with a log P value of 0.0 ± 0.1. The overall order of lipophilicity follows the sequence 5 > 4 > 3 > 2 > 1. The phenyl groups in 3, 4, and 5 have a larger effect on the lipophilicity than the trifluoromethyl groups of 2 and 4. Substitution of a phenyl for a methyl group on the β-diketonate ligand leads to an increase of lipophilicity by approximately 1 log P unit, whereas the analogous substitution for a trifluoromethyl group leads to an increase of approximately 0.3 log P units.
The log P values of the free β-diketonate ligands in the keto form were calculated using the online program ALOGSP 2.1 43 available at the Virtual Computational Chemistry Laboratory. 44, 45 The values are displayed in Table 3 . The calculated ligand log P values are linearly proportional to the experimentally measured complex log P values ( Figure 2 ). As expected, more lipophilic ligands give rise to more lipophilic complexes.
Aquation and Anation Rates
The stabilities of 1-5 in water and phosphate buffered saline (PBS), pH 7.4, at 37 °C were determined by NMR spectroscopy. The compounds bearing non-fluorinated β-diketonate ligands, 1, 3, and 5, exhibited no changes in their 1 H NMR spectra in either medium for up to 25 d. Compounds 2 and 4, which both have a trifluoromethyl group in the ligand backbone, slowly decomposed in water and PBS. In water, the 1 H NMR chemical shift at 2.00 ppm of the methyl group of 2 decayed with a half-life of 58 d and concomitant appearance of a new resonance at 2.22 ppm (Figures S17-S19, SI). Over the course of this reaction, the pH changed from 7.5 to 6.3. For 4, the rate of decomposition was faster. Figure S20-S22) . The aliphatic region of the 1 H NMR spectrum at this final time point is marked by a sharp singlet at 2.67 ppm, which is not observed upon the initial dissolution of the complex. The pH of this solution remained at 7.5 for the duration of the experiment.
In pH 7.4 PBS, the rates of decomposition increased. The half-lives of 2 and 4 in this medium are 3.4 and 1.8 d, respectively. For 4, the final product is the same as that observed following aquation in nonbuffered water as characterized by a 19 F NMR chemical shift at −76.6 ppm ( Figures S23-S25 , SI) and a sharp singlet in the 1 H NMR spectrum at 2.67 ppm. Complex 2 displays more complex reactivity in PBS. Although the major final product is the same as that observed for aquation in pure water ( 1 H δ = 2.22 ppm), two other minor products were observed by 1 H NMR spectroscopy having CH 3 proton resonances at 1.91 and 1.56 ppm. In addition, an intermediate with a CH 3 proton resonance at 2.25 ppm was apparent ( Figures S26-S28, SI) .
With the goal of characterizing the aquation and anation products of 2 and 4, the NMR spectra of the free ligands of these complexes in PBS were investigated. Initially, the 1 19 F NMR spectrum at −76.37 and −86.7 ppm were initially observed. These two signals possibly correspond to the keto and enol tautomers of the compound. After 6 d at 37°C
, the major species in solution is a compound characterized by a singlet in the 1 H NMR spectrum at 2.67 ppm and a signal in the 19 F NMR spectrum at −76.41 ppm. These spectroscopic signals are consistent with the major species observed after the aquation and anation of 4. Thus, as for 2, dissociation from the platinum center precedes ensuing hydrolytic decomposition of the fluorinated β-diketonate ligand.
Cancer Cell Cytotoxicity
The antiproliferative activities of 1-5 and cisplatin were determined in HeLa (human cervical cancer), A549 (human lung cancer), U2OS (human osteosarcoma), and MCF-7 (human breast cancer) cell lines by the MTT assay. The cells were treated continuously for 72 h. The resulting 50% growth inhibitory concentration (IC 50 ) values are summarized in Table 4 and graphically depicted in Because 4 is on average the most cytotoxic of the five complexes, it was submitted to the NCI for evaluation in the NCI-60 tumor cell panel screen. 46 In this screen, a single-dose cytotoxicity measurement is performed in 60 cell lines with distinctive drug sensitivity profiles. This process can identify drug candidates with unique anticancer activity spectra based on which cell lines are sensitive or resistant to a compound of interest. Using the COMPARE algorithm, activity spectra can be quantitatively correlated with those of other compounds in the NCI database. Pearson correlation coefficients are used to evaluate similarities in activity spectrums. Correlations coefficients close to one indicate compounds with similar mechanisms of action and resistance profiles. The average cell growth percentage of the 60 cell lines after 48 h treatment with 10 µM 4 was 89.65% ( Figure S33 , SI), indicating slight growth inhibitory action. Compound 4 showed greatest efficacy against central nervous system (CNS) cancer, where the average cell growth was 64.52%. Results of the COMPARE algorithm are summarized in Table 5 .
Cellular Uptake
The uptake of cisplatin and 1-5 by HeLa cells after a 4 h exposure time at 10 µM concentration was measured by graphite furnace atomic absorption spectroscopy (GFAAS). The results are tabulated in Table 3 . The cellular uptake correlates with the lipophilicity of the compound in an exponential fashion ( Figure 4 ). The most lipophilic complex, 5, is taken up to the greatest extent (520 ± 80 ng Pt/10 6 cells), whereas the least lipophilic complex is taken up the least (6 ± 2 ng Pt/10 6 cells). All complexes except 1 have larger accumulation in HeLa cells than cisplatin under similar conditions.
Intracellular DNA Platination
Because platinum-based drugs exert their cytotoxic effects by the formation of DNA crosslinks, the extent to which 1-5 bind to intracellular DNA was measured. Cells were treated with 100 µM of the platinum complexes for 4 h and then incubated for an additional 16 h in platinum-free growth medium. The nuclear DNA was isolated, and the quantity of bound platinum was measured by GFAAS. The results of this study are shown in Table 6 . The extent of DNA platination follows the order 5 ≈ 4 > cisplatin > 3 ≈ 2 > 1.
Discussion
The use of β-diketonate ligands as leaving groups for traditional cis-diammineplatinum(II) anticancer agents is relatively unexplored. Here, we investigated the physical properties and anticancer efficacy for a small set of compounds in this class. The five β-diketonate ligands chosen for this study were systematically varied, by addition of either a phenyl ring or a trifluoromethyl group (Chart 1). Such variations allowed us to monitor how alterations of the hydrophobicity and electron-withdrawing properties of the leaving group ligand translate into differences in anticancer efficacy in vitro.
The three synthetic methodologies employed to prepare 1-5 are outlined in Scheme 1. For 1 and 2, the sulfate salt of the cis-diamminediaquaplatinum(II) cation was utilized. The treatment of this cation with Ba(acac) 2 or Ba(tfac) 2 produced 1 or 2, each of which was subsequently isolated from the aqueous solution, and BaSO 4 as an insoluble white solid. For the syntheses of 3 and 4, the nitrate salt of the cis-diamminediaquaplatinum(II) cation was treated with Na(bzac) or Na(tfbz). The NaNO 3 byproduct of the reaction was washed away using cold water with little product loss because 3 and 4 are only sparingly soluble in water. The low aqueous solubility of the ligand Hdbm necessitated the use of N,Ndimethylformamide (DMF) as the solvent. Activation of cisplatin in DMF with AgNO 3 followed by treatment of Na(dbm) afforded 5 after the appropriate reaction workup, albeit in lower yields. The preparation of the analogous hexafluoroacetylacetonate (hfac) complex was also attempted. None of the three synthetic methodologies described here provided access to the desired platinum-hfac complex. After reaction workup, unidentified green-blue residues were obtained. We propose that the difficulties associated with obtaining this complex may arise from the lability of the strongly electron-withdrawing hfac ligand.
Characterization data including ESI-MS, elemental analysis, IR spectroscopy, and multinuclear NMR spectroscopy are consistent with the proposed structures and elemental compositions of 1-5. Of particular interest are the 195 Pt NMR chemical shifts of the new complexes. This parameter is very sensitive to the platinum coordination environment and can span a region of > 13,000 ppm. [47] [48] [49] In the present case, the 195 Pt NMR chemical shifts of 1-5 range over 139 ppm ( Table 1 ), indicating that peripheral substituents on the β-diketonate ligands influence the electron density at the platinum center. Complex 1 has the most shielded Pt nucleus, which resonates at −1593 ppm, whereas 4 is most deshielded with the 195 Pt chemical shift appearing at −1454 ppm. The chemical shift for this class of compounds appears to depend on the electron withdrawing strength of the ligand. The trifluoromethyl substituents of 2 and 4 deshield the Pt nucleus by approximately 100 ppm relative to their analogs, 1 and 3, which lack trifluoromethyl groups. The phenyl groups of 3, 4, and 5 also deshield the Pt nucleus, but to a lesser degree than the trifluoromethyl groups. Compared to their analogs having no phenyl groups, 3, 4, and 5 are deshielded by 20-44 ppm. The X-ray crystal structures of 3 and 4 display the expected coordination geometries (Figure 1 ). The complexes are structurally similar, with comparable interatomic distances and angles (Table 2) . A related compound, [Pt(acac)(trans-1R,2R-diaminocyclohexane)] (acac), has also been structurally characterized, 50 and its bond metrics resemble those of 3 and 4.
An important physical property that affects the biodistribution of a drug candidate is its lipophilicity. The lipophilicity of a compound can be quantitatively evaluated by its log P values, where P is the water-octanol partition coefficient. More positive log P values correspond to more lipophilic complexes, whereas more negative log P values correspond to more hydrophilic ones. The log P values for cisplatin and 1-5 are given in Table 3 and Figure 2 . The addition of lipophilic groups to the β-diketonate ligands increases the log P values of the resulting complex. Thus, the lipophilicity can be tuned with the appropriate choice of functional groups. For comparison, the log P values of the free ligands in their diketo forms were computed with an online program. A linear correlation exists between the calculated log P values of the ligands and the experimentally measured log P values of the complexes, as shown in Figure 2 . The slope of the best-fit line is 0.90. This value, which is close to 1, indicates that coordination of the β-diketonate ligand to the cisdiammineplatinum(II) moiety affects its lipophilicity in an additive manner, consistent with the additive properties of substituent hydrophobicity constants. 51 The intercept of the best fit line is −2.8, which can be interpreted as the substituent hydrophobicity constant for the {Pt(NH 3 ) 2 } + moiety in this class of compounds.
After establishing that different substituents on the β-diketonate ligands have a predictable and significant effect on the lipophilicities of 1-5, we investigated how these substituents can modulate the reactivities of the complexes. The stabilities of 1-5 in water and in pH 7.4 phosphate-buffered saline at 37 °C were assessed by NMR spectroscopy. In either water or PBS, there was no sign of decomposition for 1, 3, and 5 for up to 25 d. Compounds 2 and 4 decomposed in water with half-lives of 58 and 29 d, respectively, and in PBS with half-lives of 3.4 and 1.8 d, respectively. The observation that the non-fluorinated complexes, 1, 3, and 5, appear to have an indefinite lifetime in water and aqueous buffer indicate that the strongly electron-withdrawing properties of the trifluoromethyl groups in 2 and 4 are responsible for the increased reactivities of these complexes. In this context, however, it should be noted that 2 and 4 are still significantly more inert than cisplatin, which has an aqueous solution half-life of 2 h. 52 In PBS, which contains 137 mM NaCl and 10 mM P i , the half-lives of 2 and 4 decrease to 3.4 d and 1.8 d indicating that the high ion concentration plays a role in their reactivities. Carboplatin, which is stable for up 60 d in water, 53 has increased reactivity in the presence of high phosphate and chloride ion concentrations, the chemistry proceeding by direct anion attack on the complex and not requiring an aqua intermediate. 54 A similar process most likely explains the increased rates of decomposition of 2 and 4 in PBS relative to pure water as the solvent.
The antiproliferative activities of the complexes were assessed in four human cancer cell lines. IC 50 values are displayed in Table 4 and graphically compared in Figure 3 . The general trend of cytotoxicity among the four cell lines follows the order 1 < 3 < 2 ≈ 4 ≈ 5. Compounds 2, 4, and 5 have IC 50 values comparable to or lower than those of cisplatin. The differences in observed cytotoxicities among the five complexes can be attributed to variations in lipophilicity and reaction kinetics conferred by the β-diketonate leaving group ligands, because the DNA-binding cis-diammineplatinum(II) fragment is the same in all five complexes as well as cisplatin.
The cellular uptake properties of the five complexes and cisplatin were measured in HeLa to see whether this parameter might be the dominant factor in determining cytotoxicity. The results are summarized in Table 4 . As shown in Figure 4 , the cellular uptake is a function of lipophilicity of the platinum complex. This correlation suggests that these complexes are dependent on a passive diffusion uptake mechanism. Given that these complexes are cations, they may also take advantage of organic cation transporters for selective transport into cancer cells, like oxaliplatin. 55 No correlation, however, was observed between cellular uptake and IC 50 values for the five complexes ( Figure S34, SI) . This result indicates that the reaction kinetics of the complexes must also play a role in their biological activities. Consistent with this hypothesis is the observation that the fluorinated complexes, 2 and 4, exhibit comparable or better cytotoxicities than 5 despite the fact that over twice as much 5 is taken up by cells. The increased reactivities of 2 and 4 in water and buffer are probably why they display comparable cytotoxicity to 5, even though they are present at significantly lower concentrations within the cell. A similar correlation between aquation rates and activity is observed in a series of carboplatin derivatives bearing fluorinated CBDCA leaving group ligands. 15 There is rapid aquation of the fluorinated CBDCA relative to that of the non-fluorinated ligands, which is most likely responsible for the increased cytotoxic activity of the fluorinated derivatives relative to underivatized carboplatin. 15 The amount of platinum found on the DNA of HeLa cells treated with cisplatin and 1-5 (Table 6) is not directly correlated with the IC 50 values of the complexes, although the least active complex, 1, does induce the least amount of DNA platination. However, for determination of the IC 50 values the cells were treated for a continuous 72 h period, whereas for the DNA platination measurements, cells were treated at a high concentration for 4 h and then allowed to incubate for and additional 16 h in the absence of platinum. During this 16 h post-treatment period, efflux of platinum complexes out of the cell might become an important factor. Additionally, cellular targets other than DNA could modulate the cytotoxic activites of 1-5. The balance between lipophilicity and reactivity in the formation of Pt-DNA adducts is still apparent, however. Complexes 2 and 3 platinate DNA to a similar extent (≈ 0.3 pmol Pt/µg DNA), as do complexes 4 and 5 (14-23 pmol Pt/µg DNA). Cellular accumulation studies indicate that 3 and 5 are taken up to a much greater extent than 2 and 4, owing to their greater lipophilicities. The similar DNA platination levels of these complexes probably reflects the higher reactivities of the fluorinated complexes 2 and 4, which compensates for their lower intracellular abundance.
Among the compounds studied, 4 has the optimal balance of lipophilicity and reactivity. The average IC 50 value of this complex in the four cells lines tested is 2.6 µM, the lowest among the five complexes tested. For this reason, 4 was submitted to the National Cancer Institute for testing in the NCI-60 tumor cell panel screen. As described above, the NCI-60 tumor cell panel screen utilizes 60 different cell lines with distinct sensitivity profiles and measures the cell growth inhibitory action of a compound of interest, initially at a single dose. Differential cell growth inhibition among the 60 cell lines indicates the compounds spectrum of activity, which can be quantitatively compared to that of other compounds in the database via the COMPARE algorithm. For 4, the average cell growth percent among the 60 cell lines after a single dose (10 µM) treatment was 89.65% relative to the complex-free control (Figure S33 , SI). The apparent lower activity of 4 in the NCI-60 tumor cell screen compared to that observed in our laboratory is most likely the result of different experimental conditions. 56 The shorter incubation time (48 h), the use of RPMI as culture medium, different initial cell densities, and use of the sulforhodamine B (SRB) assay by the NCI screen are plausible reasons for the difference. In fact, higher IC 50 values are typically measured with the SRB compared to the MTT assay because the former measures total protein content instead of mitochondrial activity. 57 The COMPARE algorithm was utilized to investigate how the spectrum of activity of 4 matches that of other anticancer agents in the NCI database. Table  5 lists the ten anticancer compounds with the highest correlation coefficients with the spectrum of activity of 4. Eight of these ten compounds are known DNA alkylating agents. Cisplatin is one of the top ten with a Pearson correlation coefficient of 0.489. These correlations indicate that 4 and the related β-diketonato complexes act, as anticipated, by binding DNA, with the β-diketonate ligands serving as the leaving groups. The relatively high correlation with the activity of cisplatin is consistent with formation of similar DNA cross-links. The Pearson correlation coefficient comparing the spectrums of activity of cisplatin and carboplatin is 0.798 7 and is therefore much greater than that for 4 and cisplatin. The β-diketonate ligand of 4 apparently has a larger influence on the cell line selectivity than the CBDCA ligand of carboplatin. This observation may have important implications in the design of new cisplatin analogs, which differ only by the nature of their leaving group ligands.
Conclusions
This report describes the first systematic study of the physical properties and in vitro anticancer efficacy of a series of cis-diammineplatinum(II) complexes with β-diketonate leaving group ligands. Our results indicate that modifications of the β-diketonate ligands predictably affect both the lipophilicity and reactivity of the resulting platinum complexes. The lipophilicity of these compounds is important because it dictates the degree of cellular uptake, whereas optimal reactivity kinetics ensure that a significant amount of platinum can bind to DNA or other cellular targets within the biologically relevant time frame. Of the compounds presented here, 4 exhibited the greatest cytotoxicity on average. The trifluorobenzoylacetonate (tfbz) ligand of 4 carries both a phenyl and trifluoromethyl group. These two groups appear to provide an optimal combination of lipophilicity and reactivity for biological activity. The NCI-60 tumor cell screen revealed 4 to have a similar spectrum of activity as other alkylating agents, a category that often includes cisplatin. Like carboplatin, which has a similar spectrum of activity as cisplatin and is used as a less toxic alternative, the present β-diketonate complexes may find similar roles in future pharmaceutical applications.
Experimental Section Materials and Methods
All synthetic procedures were performed under normal atmospheric conditions without exclusion of oxygen or moisture. Cisplatin and Ba(acac) 2 ·H 2 O were purchased from Strem Chemicals and used as received. The β-diketonate ligands were obtained from Alfa Aesar and used as received. Distilled water and analytical grade DMF were employed as solvents. The purities (>95%) of the newly synthesized compounds were verified by the absence of unidentified peaks in their 1 H NMR spectra (Figures S1-S16, SI) and by elemental analyses.
Physical Measurements
NMR measurements were recorded on a Bruker DPX-400 spectrometer in the MIT Department of Chemistry Instrumentation Facility at 20 °C. 1 H and 13 C{ 1 H} NMR spectra were referenced internally to residual solvent peaks and chemical shifts are expressed relative to tetramethylsilane, SiMe 4 (δ = 0 ppm). 195 Pt{ 1 H} and 19 F{ 1 H} NMR spectra were referenced externally using standards of K 2 PtCl 4 in D 2 O (δ = −1628 ppm relative to Na 2 PtCl 6 ) and trifluorotoluene (δ = −63.72 ppm relative to CFCl 3 ), respectively. Fourier transform infrared (FTIR) spectra were recorded with a ThermoNicolet Avatar 360 spectrophotometer running the OMNIC software. Samples were prepared as KBr disks. Electrospray ionization mass spectrometry (ESI-MS) measurements were acquired on an Agilent Technologies 1100 series LC-MSD trap. Graphite furnace atomic absorption spectrometry was carried out using a Perkin Elmer AAnalyst600 GFAAS. Elemental analyses were performed by a commercial laboratory.
Synthesis of [Pt(acac)(NH 3 ) 2 ](SO 4 ) 0.5 (1)
A suspension of cisplatin (0.500 g, 1.67 mmol) and Ag 2 SO 4 (0.499 g, 1.60 mmol) in 15 mL of water was stirred at room temperature in the dark for 12 h. The resulting solids were filtered to remove white AgCl and, to the filtrate, a 10 mL aqueous solution of Ba(acac) 2 
Synthesis of [Pt(tfac)(NH 3 ) 2 ](SO 4 ) 0.5 (2)
A suspension of cisplatin (0.500 g, 1.67 mmol) and Ag 2 SO 4 (0.499 g, 1.60 mmol) in 15 mL of water was stirred at room temperature in the dark for 12 h. The resulting suspension was filtered to remove white AgCl and, to the filtrate, a 10 mL hot (70 °C) aqueous solution of Ba(OH) 2 ·8H 2 O (0.252 g, 0.800 mmol) and Htfac (0.246 g, 1.60 mmol) was added dropwise, inducing the precipitation of insoluble BaSO 4 . The yellow suspension was stirred at room temperature for 3 h and then filtered. The bright yellow filtrate was concentrated to dryness under reduced pressure at 60 °C to afford the desired compound as a yellow solid. The yellow solid was resuspended in 5 mL of cold H 2 O, filtered, and washed sequentially with 5 mL of cold H 2 O and twice with 5 mL of Et 2 O before being dried in vacuo. Yield: 0.314 g (44%). M.p. >190 °C (gradual darkening and decomposition). 1 H NMR (400 MHz, MeODd 4 ): δ 6.10 (s, 1H), 2.00 (s, 3H). 19 (bzac)(NH 3 ) 2 ](NO 3 ) (3) A mixture of cisplatin (0.500 g, 1.67 mmol) and AgNO 3 (0.553 g, 3.25 mmol) in 10 mL of water was stirred in the absence of light for 12 h at room temperature. The resulting suspension was filtered to remove white AgCl and a hot aqueous solution (70 °C, 10 mL) of Hbzac (0.264 g, 1.63 mmol) and NaOH (0.065 g, 1.6 mmol) was added dropwise to the filtrate, forming a yellow suspension, which was allowed to stir at room temperature for 4 h. The mixture was concentrated in vacuo at 60 °C to a volume of 8 mL and then filtered to collect the desired compound as a pale yellow solid. This solid was suspended in 10 mL of Et 2 O and isolated by centrifugation twice to remove an ether-soluble impurity, before being dried in vacuo. Yield: 0.400 g (53%). M.p. 160 °C (gradual darkening), 210-215 °C (dec). 1 
Synthesis of [Pt
Synthesis of [Pt(tfbz)(NH 3 ) 2 ](NO 3 ) (4)
A mixture of cisplatin (0.500 g, 1.67 mmol) and AgNO 3 (0.553 g, 3.25 mmol) in 10 mL of water was stirred in the absence of light for 12 h at room temperature. The resulting suspension was filtered to remove white AgCl, and a hot aqueous solution (70 °C, 10 mL) of Htfbz (0.352 g, 1.63 mmol) and NaOH (0.065 g, 1.6 mmol) was added dropwise to the filtrate, forming a bright yellow suspension, which was allowed to stir at room temperature for 4 h. The mixture was then concentrated to dryness under reduced pressure at 60 °C to afford an orange residue. The residue was dissolved in 10 mL acetone and filtered to remove NaNO 3 byproduct. On top of the bright yellow filtrate, 10 mL of Et 2 O was carefully layered, and bright yellow crystals of the desired compound formed overnight. The supernatant was decanted and the crystals were washed with 5 mL of cold water to remove a white solid impurity, followed by 5 mL of Et 2 O prior to drying in vacuo. Yield: 0.215 g (25%). M.p. >230 °C (gradual darkening and decomposition). 1 
Synthesis of [Pt(dbm)(NH 3 ) 2 ](NO 3 ) (5)
Cisplatin (750 mg, 2.50 mmol) and AgNO 3 (828 mg, 4.87 mmol) were stirred in 6 mL of DMF at room temperature for 12 h in the absence of light. The resulting suspension was filtered to remove AgCl. The pale yellow filtrate was added dropwise to Na 2 CO 3 (321 mg, 3.00 mmol) and Hdbm (560 mg, 2.50 mmol) in 5 mL of DMF. This mixture was stirred at room temperature for 3.5 h and then filtered. The filtrate was concentrated to dryness under vacuum at 60 °C to obtain an orange oily residue. This residue was dissolved in 10 mL of MeOH and filtered. The addition of Et 2 O (40 mL) afforded the desired product as a yellow solid, which was isolated by filtration, washed with cold 07 (d, 4H), 7.60 (t, 2H), 7.47 (t, 4H), 6.96 (s, 1H) . 13 
X-Ray Crystallography
Vapor diffusion of diethyl ether into methanol solutions afforded single crystal of 3 and 4. The single crystals were mounted in Paratone oil on a cryoloop and frozen under a 110 K or 100 K KRYO-FLEX nitrogen cold stream. Data were collected on a Bruker APEX CCD Xray diffractometer with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) controlled by the APEX2 software package. 58 Absorption corrections were applied using SADABS. 59 The structures were solved using direct methods and refined on F 2 with the SHELXTL-97 software package. 60, 61 Structures were checked for higher symmetry using PLATON. 62 All non-hydrogen atoms were located and refined anisotropically. Hydrogen atoms were placed in idealized locations and given isotropic thermal parameters equivalent to either 1.5 (terminal CH 3 or NH 3 hydrogen atoms) or 1.2 times the thermal parameter of the atom to which they were attached. Crystallographic data collection and refinement parameters (Table S1 , SI) and cif files can be found in the Supporting Information. The cif files of 3 and 4 have also been deposited in the Cambridge Crystallographic Data Centre (http://www.ccdc.cam.ac.uk/) under the accession numbers CCDC 868860 and 868861, respectively.
Solution Stability Measurements
The platinum complexes were dissolved in water or pH 7.4 PBS containing 10% D 2 O to a concentration of ~ 1 mM. The solutions were transferred to NMR tubes and incubated in a 37 °C water bath. 1 H and 19 F NMR spectra were obtained at various type points during the incubation. A small amount of 1,4-dioxane (δ = 3.75 ppm) was included in the samples as an internal standard for referencing 1 H NMR spectra and a sealed capillary containing aqueous KF (δ = −120.46 ppm) was used for referencing 19 F NMR spectra. The methyl group of 2 in the 1 H NMR spectra was integrated relative to the 1,4-dioxane reference at different time points and used for kinetic analyses. The trifluoromethyl group of 4 in the 19 F NMR spectra was integrated relative to the KF standard at different time points and used for kinetic analyses. Under the assumption of first-order kinetics, approximate half-lives were determined by fitting a line to a plot of ln[Pt] versus time and using the integrated first-order rate law, ln[Pt]=−kt+[Pt] o and the relationship, t 1/2 =ln2/k, where [Pt] o is the starting concentration of complex, k is the pseudo first-order rate constant, t is time, and t 1/2 is the half-life. Water suppression for 1 H NMR spectra was accomplished with pre-saturation. The pH of the solutions was measured at the beginning and end of the desired incubation time using a DG-111-SG glass electrode calibrated with standard buffers.
Partition Coefficient Measurements
Water or PBS were stirred with octanol for 24 h and then centrifuged for 5 min to obtain octanol-saturated water and water-saturated octanol. The platinum complexes were dissolved in the octanol-saturated water, or PBS for cisplatin, to a typical concentration of 0.03 to 3 mM and then mixed with water-saturated octanol in volumetric ratios of 1:1, 1:2, and 2:1 in duplicate. The mixtures were vortexed for 0.5 h and then centrifuged for 5 min. The layers were separated carefully using a fine-gauge needle and then analyzed for Pt content by GFAAS. The partition coefficient was taken as ratio of the concentration of platinum in the octanol layer to that in the aqueous layer (P = c oct /c water ). The reported error is the standard deviation of the six measurements obtained from this protocol.
Calculated ligand log P values were obtained from the online program ALOGPS 2.1 43 available at the Virtual Computational Chemistry Laboratory. 44, 45 Only the keto tautomeric form of the protonated ligand was used for these calculations. In addition to using the ALOGPS algorithm, this program also calculates log P values using several other algorithms for comparison. The values presented here are the average log P values computed for all the algorithms and the errors reported is the standard deviation of these values.
Cell Lines and Culture Conditions
HeLa (human cervical cancer), A549 (human lung cancer), U2OS (osteosarcoma), MCF-7 (human breast cancer) cells were grown as adherent monolayers in growth medium consisting of Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cultures were grown in 25 cm 2 flasks in an incubator at 37 °C with a humidified atmosphere composed of 5% CO 2 .
Cytotoxicity Assays
The colorimetric MTT assay was used determine the cytotoxicity of cisplatin and the β-diketonate platinum complexes. Trypsinized cells were seeded into a 96-well plate at a cell density of 2000 cells/well in 200 µL of growth medium and incubated for 24 h. The medium was then removed and 200 µL of new growth medium containing various concentrations of the platinum complexes was added. After 72 h, the medium was removed, 200 µL of a 0.8 mg/mL solution of MTT in DMEM was added, and the plate was incubated further for 4 h. The DMEM/MTT mixture was aspirated and 200 µL of DMSO with 10% pH 10.5 glycine buffer was added to dissolve the resulting purple formazan crystals. The absorbance of the plates was read at 555 nm. Absorbance values were normalized to the platinum-free control wells and plotted as [Pt] versus % viability. IC 50 values were interpolated from the resulting curves. The reported IC 50 values are the averages from at least three independent experiments, which each consisted of six replicates per concentration level. Dilutions of the platinum complexes in growth medium were made from concentrated (1-3 mM) solutions in distilled water for β-diketonate platinum complexes or pH 7.4 PBS for cisplatin.
Compound 4 was submitted to the NCI in July 2011 for single-dose testing in the NCI-60 tumor cell screen. These tests were carried out by the NCI using their established protocols. 56
Cellular Uptake Studies
The total platinum uptake per cell was determined using slight modifications of a previously described protocol. 63 In two 6-well plates, 3×10 5 HeLa cells per well were seeded in 3 wells with 2.5 mL of growth medium. In one of the plates, the additional 3 wells were filled with 2.5 mL of growth medium to act as blanks for non-specific platinum adsorption on the surface of the well. After incubating for 48 h, each well in the plate containing both cells and cell-free medium was treated with 0.278 mL of a 100 µM solution of the desired compound to give an exposure concentration of 10 µM. The cells and cell-free blanks were incubated with the Pt complex for 4 h. Meanwhile, the cells in the other plate were counted with trypan blue after detachment with trypsin in order to obtain the number of cells per well. After the 4 h incubation period, the growth medium was aspirated and all six wells were washed twice with 3 mL of pH 7.4 PBS and then treated with exactly 0.5 mL of hot (≈ 90°C) concentrated nitric acid for 2 h. This nitric acid was analyzed by GFAAS to determine the total Pt content per well. The amount of Pt per cell was calculated by subtracting the average amount of Pt found in the blank wells from the average amount of Pt found in the cell-containing wells and normalizing to the average number of cells per well.
Intracellular DNA Platination Measurements
Five million HeLa cells were seeded in a 100 mm Petri dish containing 9 mL of growth medium. On the following day, the cells were treated with the platinum complex at 100 µM concentration for 4 h. The growth medium was then replaced with platinum-free medium, and the cells were incubated for an additional 16 h. Cells, both floating and attached, were collected and combined. Trypsin (2 mL) was used to detach the cells. The combined cells were centrifuged for 5 min at 4 °C, and the resulting cell pellet was washed twice with 3 mL of ice-cold PBS. DNAzol (1 mL, genomic DNA isolation reagent, MRC), containing 100 µg/mL RNase A, was used to lyse the cell pellet. DNA was precipitated with 0.5 mL of absolute ethanol, washed 2 times with 75% ethanol (0.75 mL), and redissolved in 200 µL of 8 mM NaOH. The DNA concentration was determined by UV-visible spectroscopy, and platinum was quantified by GFAAS. The reported values are the average of at least three independent experiments with the error reported as the standard deviation.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Plot of complex log P values versus cellular uptake. The blue line is an exponential fit of the data. 
